This work describes an experimental study of the flow field and wall pressure fluctuations induced by quasi-twodimensional incompressible turbulent boundary layers overflowing a forward-facing step (FFS). Pressure fluctuations are measured upstream and downstream an instrumented FFS step model installed inside a large-scale recirculation water tunnel while two dimensional velocity fields are measured close to the step via time-resolved PIV. The overall flow physics is studied in terms of averaged velocity and vorticity fields for different Reynolds number based on the step's height. Pressure spectra and cross-correlations are measured as well, and the convection velocity characterizing the propagation of acoustic and hydrodynamic perturbations is computed as a function of the distance from the vertical side of the step. The evolution of the overall Sound Pressure Level measured at the wall shows that the most critical flow structure is the reattachment region downstream the step where an unsteady recirculation bubble is formed.
INTRODUCTION
Steps and geometrical irregularities often present on surfaces underneath turbulent boundary layers (TBL) induce unsteady aerodynamic pressure fields which are responsible of drawbacks of primary importance in many practical applications, including interior noise generation, flow induced panel vibrations, hydroacoustic of underwater vehicles (see e.g. [1] ). Despite the fact that most of the studies conducted in the field concerned equilibrium TBL [2] , it is well known that the presence of flow separations, recirculations and reattachments lead to the generation of wall pressure fluctuations whose overall level might be significantly larger (up to 30dB) than that observed in equilibrium TBL with no separations (see e.g. [3] ). A simplified representation of surface irregularities is often accomplished by considering backward or forward facing steps, henceforth denoted as BFS and FFS respectively. The former is a typical test bench widely studied in literature (see, among many, the review given in [4] ) while the second case has been more rarely analyzed. Efimtzov et al. [5] measured the pressure spectra upstream and downstream a FFS showing that the region downstream the step is the most critical one. On the other hand, Leclercq et al. [6] analyzing the acoustic field induced by a FFS-BFS sequence, suggested that the most effective region in terms of noise emission is located just upstream the FFS step. In recent papers, Camussi et al. [7 -8] measured pressure fluctuations at the wall of a shallow cavity representing a BFS-FFS sequence. The authors again showed that the region close to the FFS is the most effective in terms of Sound Pressure Level (SPL) at the wall even though the origin of the observed acoustic field was not clarified. It is evident that, from the aeroacoustic viewpoint, the FFS geometry is more critical than the BFS case even though the results available in literature are limited and sometimes contradictory. A better knowledge of the physical mechanisms underlying the wall pressure statistics in the vicinity of a FFS is therefore needed not only to improve our understanding but also to address proper methodologies aimed at controlling the flow and lower the pressure peaks responsible for the induced vibrations. The primary intent of the present work is to cover the lack of experimental results in this field through extensive measurement campaigns providing. pressure time series and velocity fields in order to better clarify the correlation between the wall pressure properties and the flow aerodynamic. An instrumented FSS model has been designed and installed within a large-scale water tunnel where measurements have been carried out at different Reynolds numbers based on the step's height. The overall flow physics have been characterized through time-resolved PIV measurements conducted close to the step while the wall pressure statistics have been analyzed through pointwise pressure measurements performed in several positions upstream and downstream the step. Details about the measurements set up and flow conditions are given in the next section while the main results and the final remarks are presented in Sec. 3 and 4 respectively.
EXPERIMENTAL SET-UP AND FLOW CONDITIONS
A FFS model has been installed at the wall of the 10m long test section of the large-scale recirculation water tunnel available at the Propulsion and Cavitation laboratory of INSEAN (Italian Ship Model Basins). The step's height h was fixed to 20mm and the spanwise opening was more than 10 times larger than h so that, as suggested by Moss & Baker [9] , the flow could be considered two dimensional. The Reynolds number (Re) based on h spanned from 4400 to 26300 and it has been varied by changing the free stream mean velocity from 0.25m/s to 1.5m/s. The natural boundary layer developing at the wall of the test section has been characterized in a previous work [10] for similar flow conditions and the displacement thickness δ * at the model position was of the order of 10mm. Wall pressure fluctuations have been measured within a region spanning from about 6h upstream to about 8h downstream of the step. Piezoresistive pressure transducers Endevco 8510B-2, have been flush mounted at the wall. The diameter size of the measurement surface was 3.8mm that resulted to be sufficiently lower than the displacement thickness in order not to have relevant resolution problems on the computation of the wall pressure spectra (see [2] and [11] ). The transducers were aligned in the streamwise direction and their minimum separation distance was fixed to 15mm, the same adopted in [6] . A scheme clarifying the pressure measurements set-up is reported in Fig. 1 . Two Brüel & Kjaer hydrophones, types 8104 and 8105, were installed inflow sufficiently far from the instrumented model in order to measure the background noise. Also a Brüel & Kjaer 4370 accelerometer was placed close to the step model in order to monitor surface vibrations and eventually correlate them with the pressure fluctuations. The analogue signals were all acquired using a 16 bits multichannel PROSIG P5600 system providing also anti-aliasing butterworth band-pass filters. The adopted sampling frequency was 1200samples/sec and the acquisition length was fixed to 400sec for each acquisition channel and analyzed flow condition. The PIV measurements were conducted using the time resolved approach based on the use of a continuum laser source and a fast camera. The light sheet was created by an Argon Laser source SPECTRA-PHYSICS Stabilite 2017 providing a 6W green beam that was treated with spherical and cylindrical lenses in order to generate a 1mm thick sheet that was oriented perpendicular to the wall. The flow seeding was provided by using spherical hollow glass particles having maximum diameter of about 20µm. An overall view of the experimental set up is reported in Fig. 2 . Images were acquired using a Photron Fastcam APX camera having a maximum frame rate of 120000fps. As shown in Fig. 2 , the images were acquired by installing inflow a 45° inclined mirror, sufficiently far from the measurements location in order not to perturb the flow in the region of interest.
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Fig. 2:
Overall scheme of the experimental set up adopted for the PIV measurements..
The camera is provided with a CMOS sensor having a 17.5 µm pixel size and 4 µs shutter time. For the present acquisitions, the frame rate was fixed to 1200fps at a resolution of 1024x512 pixel 2 . The acquired images were postprocessed adopting a standard 2D FFT method to compute cross-correlations coupled with an offset methodology and a windows deformation technique. More details on the procedures can be found in [12] . The size of the final interrogation window was 16x16 pixel 2 with a 75% overlap. A multi-frame adaptive technique introduced in [13] has been also implemented in order to increase the signal-to-noise ratio of the final velocity vector fields. The velocity vectors spatial resolution resulted to be of the order of 1mm that is sufficiently small to resolve the large scale structures upstream and downstream of the step, which are of interest for the present analysis. The acquired image size was 160 x 80 mm 2 and in order to cover a sufficiently large region upstream and downstream of the step, the camera has been positioned in two different locations approximately coinciding with the regions spanned by the pressure transducers at the wall.
RESULTS
The recirculation regions
Averaged PIV results are analyzed in order to establish the main flow features, determine the properties of the recirculation bubbles and evaluate the effect of Re upon the overall flow physics. Examples of averaged velocity fields and streamlines obtained at two different Re in the region upstream of the step are reported in Fig. 3 . It is shown that, according to results reported in [6] and independently from Re, the separation occurs at about 1 step's height upstream the step while the reattachment occurs at about half the vertical step. The coloured contour plots also reported in the figures correspond to the vorticity distribution over the analyzed region. It is observed that the vorticity intensity as well as the extension of the region with large vorticity also do not depend upon Re The extension of the recirculation region downstream of the step seems instead to be dependent upon Re, even though not in a relevant manner. Examples are reported in Fig. 4 showing that the reattachment position moves from about 2h downstream of the vertical side of the step at the lowest Re up to about 3h at the largest one. The achieved behaviour is in reasonable agreement with results reported in [6] , [14] and [15] . As for the previous figure, also in the cases reported in Fig. 4 the coloured contours correspond to the vorticity intensity and it is confirmed that, in contrast with the results obtained upstream of the step, a stronger effect of Re upon the extension of the region where the vorticity is large, is observed. 
Wall pressure statistics
The wall pressure spectra presented therein have been decontaminated from the background noise measured with the inflow hydrophones using the procedure presented in [16] and successfully applied to the case of wall pressure fluctuations in [7] . When the wall pressure transducer is located sufficiently far upstream of the step, wall pressure spectra similar to the ones obtained in equilibrium boundary layers are expected. For equilibrium TBL, Farabee & Casarella [17] proposed a connection between the wall pressure wavenumber spectra and physical objects embedded within the turbulent boundary layer. They suggested that the contribution to high wavenumber components can be attributed to fluid dynamic structures in the near wall region while large scale structures in the outer layer influence the low wavenumber domain. Results presented in [18] and [19] further suggest that the wall pressure spectra would decay as power laws with an exponent equal to -1 as an effect of the vortical structures present in the outer region of the TBL. An example of a wall pressure spectrum obtained far upstream from the step is reported in Fig. 5 . A power law decay with exponent close to -1 extending for more than two decades can be clearly recognized. When the separation region is reached, a power law decay closer to the exponent -7/3 is instead obtained. This decay law is the one expected in homogeneous and isotropic turbulence [20] and it has been observed also in regions of separated flow, for instance generated just downstream rearward steps (see e.g. [21] ). An example reporting a pressure spectrum obtained in the recirculation region just upstream of the step is presented in Fig. 7 . It is interesting to note that in the reported case, the -1 and the -7/3 scalings coexist. A comparison among results obtained in different positions confirmed that the extension of the -7/3 decay law becomes larger for decreasing distances from the step. As shown in Fig. 7 , it is observed that such a behaviour is independent from Re since the two scalings are present over the whole set of velocities presently considered. The frequency corresponding to the cross over between the two scaling laws instead depends upon Re since it increases for increasing Re . An increase of the extension of both the -1 and the -7/3 scaling law regions is also observed since the frequency cut-off also moves towards larger amplitudes. When the region downstream of the vertical side of the step is considered, the measured wall pressure spectra are still quite different from those commonly obtained in equilibrium boundary layers. An overall idea of the pressure spectra shape variation in the different positions can be appreciated from Fig. 8 . It is observed that a scaling law is still visible but the decay exponent is larger, in absolute value, with respect to those determined upstream of the step. More specifically, moving far from the step, the decay exponents varies from about -2.5 up to -2, in agreement with observations reported in [6] . The result reported in Fig. 9 shows that the variation of shape actually corresponds to an overall lowering of the spectral energy when the distance from the separation point increases. It is expected that further increasing the distance from the geometrical discontinuity, the power law decay should tend towards the -1 exponent, that is the one expected for equilibrium conditions. Results similar to those reported in Fig. 9 have been obtained at the other Re presently analyzed and are not reported herein for the sake of brevity. The cross-correlations computed between transducers pairs allowed for the convection velocities to be computed as a function of the position along the wall and for the different Re therein considered. Explanatory results are reported in Fig.  10 summarizing the overall effects. Upstream of the step (case 10a) the convection-to-free stream velocity ratio is within the range 0.5-0.7. It remains about constant in terms of the distance from the step but it varies significantly with Re. On the other hand, in the region downstream of the step (case 10b), the ratio is about constant with Re, and increases with the distance from the step from about 0.4 up to about 0.7, that is the expected magnitude in unperturbed TBL.
Fig. 9:
Same as previous plot but considering spectra amplitudes normalized with respect to the dynamic pressure.
It appears therefore that hydrodynamic perturbations are more efficiently perturbed by the vertical wall in the region upstream of the step rather than downstream. In fact, once the flow overcomes the discontinuity in the region downstream of the step, the advection effect favourable pushes the TBL to return to the unperturbed condition. The overall SPL is defined as
where σ p represents the pressure signal standard deviation and P ref is the reference pressure magnitude set equal to 20µPa. It is therefore directly correlated to the integral of the wall pressure spectra described above. The evolution of the SPL as a function of both the non dimensional distance from the step and Re is reported in Fig. 11 . It is clearly shown that maximum pressure levels are reached at the step location. The most interesting point is that the largest SPL is measured in the region downstream the step rather than upstream as it could have been expected in account of the acoustic emissions related to the impact of the flow structures against the vertical side (see [6] ). The most efficient wall pressure source seems to be the recirculation bubble located downstream of the step and, more specifically, the unsteady reattachment point located at about 2h from the vertical side. The analysis of instantaneous velocity fields provided by the PIV measurements indeed confirms that the position of the flow reattachment is strongly time dependent. In account of the results reported in [6] , it appears therefore that the downstream region of the FFS is more efficient from the point of view of the wall pressure intensity while the upstream side is more relevant from the acoustic viewpoint. A detailed analysis of the correlation between PIV fields and pressure data taken simultaneously is currently in due course in order to better clarify the nature of the physical events responsible for the SPL distribution reported in Fig. 11 . Also a numerical simulation is currently going to be carried out in order to clarify which is the actual level of pressure fluctuations and SPL along the vertical side of the step, being this information quite difficult to be obtained via experimental measurements.
CONCLUSIONS
Wall pressure fluctuations and velocity fields have been measured upstream and downstream a forward facing step model installed within a recirculating water tunnel. Measurements have been conducted for different Reynolds numbers and by acquiring simultaneously the pressure signals and the PIV images. In the present work, the PIV results helped to characterize the overall flow physics allowing for the separated regions upstream and downstream of the vertical side of the step, to be clearly localized. It has been observed that the Reynolds number affects the size and intensity of the recirculation region downstream of the vertical side of the step whereas the region upstream remains more stable. An opposite trend is observed when the convection velocity is computed from the cross-correlation functions. In this case, the upstream region seems to be affected by Re more efficiently than the downstream region probably as an effect of the potential nature of the considered flow.
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The wall pressure spectra upstream the step exhibited coexisting power law decays with exponents typical of equilibrium or separated regions. Much steeper decay laws are observed along the region downstream of the step even though a tendency towards the behaviour expected in equilibrium conditions is documented. Fig. 11 : Evolution of the SPL in terms of the distance from the step (sketched for clarity) and for different free stream velocities.
The overall SPL increases in magnitude in the vicinity of the geometrical discontinuity and manifest a maximum in the region located around 2 step's heights downstream of the vertical side of the step. This position approximately coincides with the averaged location of the reattachment point. This behaviour is surprisingly in contrast with acoustic results reported in literature and merits further analyses which are currently undertaken by the authors. In particular, a direct correlation between wall pressure time series and velocity fields acquired simultaneously will be provided in order to shed some light on the aerodynamic nature of the events responsible for the observed large pressure levels at the reattachment position downstream of the step. This represents a basic step to address proper methodologies aimed at manipulating the flow and controlling the wall pressure induced vibrations.
